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Abstract
— /0076

This report covers the rirst quarter's work on a program to develop an
electrolytic method for the preparation of high dielectric thin {ilms,

The mcthod of preparation involves the anodization of a suitable metal
gubg*rate and inclusion of additives in the porous anodized film to

produce an oxide composite enalogous to high dielectrics prepared LY
coramic techniques, A Lrief survey of recent literature on high dielec=
tric materials has been carried out. Results of exploratory investigations
on films prepared by anodization of Ti substrates are presented,
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T « Introduction

The problem prompting this program concerns the need for microminiature
capacitive elenents in thin film farm for use in integrated circuitry.
Presently developed thin film capacitive elements are largely amorphous
structures of relatively low dielectric constant and require large areas
to obtain significant cepacitance levels, The objective of this program
15 to develop procedures for the deposition of high dielectric materiels
on suitable ceramic - metal substrates in thin film form to provide struc-
tures suiltable as capacitive elements,

The basic approach proposed for the preparation of these high capacity
elements entails the formation of a porous oxide film coupled with the
deposition of a second phase so as to produce a double-oxide composition,
The porous oxide film is to be prepared electrolytically by anodization
of a suitable metal substrute., The second phase 1s to be physically
occluded in the porous film by the entrapment of ionic or finely parti-
culate species during the anodization. Electrophoretic processes may
be employed as an ald in achieving deposition of the second phase, An
alternate approach would involve anodization of a suitable metal-alloy
substrate to produce directly a composite oxide structure. The choice
of metsl substrate and addition agents == and therefore of the final
composite oxide == will be governed by the presently available infore
mation on high dielectrie compounds preprepared by conventiocnal ceranmic
techniquess Assuming dielectric constants of the order of 509 to 2,070,
capacity values of 2 to Slkbiybmz may be attainable for the thin films,

1] = Literatﬁré Survey

The recent literature relzted teo this project was approached through &
search of Chemical Abstracts from Jamuary 1957 through June 1962, The
search covered the oxygen-containing compounds of barium, calcium, cad-
mium, cobalt, copper, iron, magnesium, nickel, strontium, and zinc which
also contain titanium, zirconium, nicbium, or tantalum. The list of
references 80 obtained was quite extensive. Since a complete treatment
of the 1ist is not neceded and could not be Justified, a representative
cross-section of research in this period was mede by using the years
1957, 1960, and Jan,eJune 1962. The references for these years were
congidered in further detall, and the most promising (approximately 100)
selected, In this survey it became apparent that ome author {Smolenskii)
was outstandings A complete survey was made on his work, and that of his
principal coeworker (Isupov). The references are listed in Section V,

The principal distinctive peculiarity of ferroelectrics is the presence
of & phase trensition of the First or second order from a disordered
state into a well ordered, polerized state (52). ‘ :

A8 a result of this spontaneous polarization, the ferroelectrics possess
more pronounced anomalies in the electrical and other properties than do
most ionic crystals, At temperatures below the phase transition, the
ferroelectrics show spontaneous deformations and a reduction of la*tice
symmetry (52).
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The appearance of spontaneous polarization can be explained within the
framework of the classical electrostatic interaction, since the internal
field 1s determined by the reciprocal zction of the dipoles which, in
turn, are conditioned by & displacement of ions, An essential role is
played not only by the long range (dipole) forces, but also by short
range forces., Spontaneous polarization arises only when the elastic
component of the restoration force occurring during a displacement of
jons 1s less than the dipole forces (52),

Ferroelectrics and antiferroelectrics may be divided into two groups,
depending upon whether or not they contain hydrcgen. The first yroup
(containing hiydrogen) includes potassium 8odium tartrate (Seignette
salt, or Rochelle salt), phosphates and arsenates of potassium, and
others. The second (not containing lLiydrogen) includes barium titanate,
lead titanate, potassiwa niobate, and others, This secornd group 18
characterized by the fact that each cation 13 within an oxygen octam
hedron, and all or part of the cations have the electronic structure
of a noble gas atom alter giving up 8 and d electrons, The charge
should be large and the icnic radius small (82).

In a typical ferrcelectric substance of the oxy-octanedral type (such

as BaTiO;) there is a marked change in the dielectric constant with tem-
peraturs, with an exceedingly high dielectric constant being observed
within a nerrow range. Each substance usually (but not always) has a
single maximum lying between =200°C and +400°C. The temperatures of
these maxima and the breadth of the peak is commonly changed by the addi-
tion of a second substance, When a peak is broadened, it is usually
lowered,

A number of compositions naving high dlelectric constants at room tenpera-
ture have been selected from the literature and are preserted in Table Lo,

1.

The reference most closely related to the present project is that of
Maxwell (L0). THe formed a capacitor from titania containing 17 by weight
antimony oxide, This small amount ol antimony makes the Ti conducting.
Tais conductivity has been zttributed to substitution of 3 jons Tor
scme Tili* lons, resvlting in Ti3* icns and clectrons free tn move in the
lattice as in n-type semiconductors, When electrodes are fired onto a
conductive Tids body, thin insulating layers on the surfaces of the body
and 2 complete canacitor are produced simultanecusly. The capacitor is

of the layerized type. The equivelent clrcuit coneists of two conjensers
in series with {an? separated by) a resistance. Each of the condensers

is 8l1so in parallel with a high resistance, This means tiat the effective
cspacitance occurs in thin layers at the two suriaces of the titanie, ¢
This close spacing allows an increzse in the elfective dielectric censtant
from about 100 to 19,99 (for spccimens 2.04 in. thick), It was Tound
tlat these crpacitors had a flat temperature characteristic,

II] - Experimental

A, Approach

The general experimental approach to the preparation and evaluation

-l
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of potent%gl high dielectric thin f£ilms has been outlined in a previous
documentiP. Composite oxide films [rom the system of titanates, nlc=
bates, zirconates and tantalates have been chosen ior investigationljé.
Special emphasis will be placed on the titanates.

The selection of an anodizing bath for Ti and an examination of the film
formation parameter was chosen for {mmediate attention. The effect of
second component additives to the bath with respect to film formation
and compatibility with the electrolyte could be examined at an early
stage. Because of the relatively well known high dielectric qualitics
of the family of slkaline earth titanate ceramics, the development of
methods for the incorporation of alkaline earth oxides into the anodized
£ilm wns given a high mriority.

It is to be expected that the composite films will require a heat treate
ment or sintering step to achieve maximum properties, The Tilms will be
treated in variocus available furnaces to indicate the limits of time,

temperature, and environment that the anodized structures can withstand,

Initial evaluation of apparently mechanically gound films will be 1in
terms of capacity and electrical loss values as measured by the use of
counter electrodes on the rilm surface, Different types of counter
electrodes (liquid, solid) ond their methods of application (painting,
vacuum deposition, etc,) will give different levels of response on a
given surface, T.e responses of a selected 1ist of counter electrodes
on {the tymes of {ilm surlaces rroduced should be evaluated at an early
date,

The results of sibert197 cn the anodization of Ti surfaces indicate that
acid phosphate based baths, ard in particular aqueous solutlons of ethyl
acid phosphate, possess superior anodic film forming characteristics.
MaxwellbD has found that an effective high dielectric ceramic can he pro=
duced by small additions of SbyDs to fired Ti02. The anodjzation of T1
in an ethyl acid phosphate bat% 2ith and without Sb203 appeared to be a
logical point for initiation of the study.

8, Film Formation on Ti Subsprates

1. Cell Deséga

For tiese initial experiments a simple cell design was chosen, The
anodizing bath was contained in a 250 ml Criffin beaker filled to near
the top. A cylinder of Ti metal foil three inches high and 2} inches
in diameter served as the cathode, The T1 metal to be anodiged was cut
from 5 mil sheet (Titanium Co. of America, Yo. 554) into strips three
inches long and from 5/16 to 3 inch wide, A stop-off Jig snd anode
sunport was provided by sandwiching 1-3/4 inches of the strip length
vetween two shects of silicone rubber backed by sti’f plastic and held
tight with a ceclamp. The Jjig wis immersed approximately 4 inch into
the surface of the.bath with the longer section of exposed Ti strip ex-
tending one inch down the axis of the cell., The short length of the
strip extending above the jig gerved 28 the anodic connection to the
power supply. The bath was stirred with a magnetic stirring bar. rover
was supplied to the cell by DC voltoge supnlies which could be both
current and voltage regulated,



2e Ethgl Acid Phosphate Bath

Typical film formatiom times are given in Table No., 2 as a iunction
of tre pre-set voltage limit and current density. The baths were 25
volume percent aquecus solutions of ethyl acid phosphate (Virginia-
Carolina Chemical Corp.) which will be abbreviated to E+H2?QP. Fer strips
nuatered 7 or 11 a suspension of Sb205 was also present in the bath,

Upon the application of power the current rose immedlately to the preset
level while the voltage rose slowly. When the voltage reached the pre-
set volue the current dronped abruptly to less than one ma, At this
soint the strip was removed from the bath, rinsed with distilled water
and dried at 110°C, .

Tue £ilms prepared under the conditions listed were a uniform light gray
with a rough surface texture observaovle at LSX magnification, Ne holes
or cracks could be observed up to 20¥.

Table Mo, 2

Anodizing Ti Strips at 190 ma. in the E+HpPJ) Zath

Strip Yo, Pre=Set Time to Timit Current Density

Voltage {Seconds) ma/c <
294 1 85 16
2 195 70 28
29C 195 80 16
11D 200 90 jM
33C 215 165 1L
TA 220 125 29
298 220 199 1
33A 20 210 13
11B 330 . £0D ' 19
1LE 360 900 16
14F 370 1260 15

In the neighborhood of 360 to 370 volts the film breals down in the area
just under the jig where large gas hubbles collect, {Increased gas Tore
mation on the anode is observed as the voltage rises)., After breakdowm
he current continues to pass at the pre-set level, Debris is ormed on
the arced areas, On the balance of the strip a new type of ilm begins
to grows At 100 ma the base film is covered with white dots. After a
few minutes at 670 we the entire surface is covered (except for a lew
pinholes) with a thick, white, glazed-appearing layer.

Unless otherwlse indicated, the Ti strips were anodized without prior
treatment, When a dilute HND,-HF pickle was used, the typical, re-
latively thick gray films could not be prepared. Instead, thin, trans-
lucent, colored and unevenly thick films were obtained,



3. Ethyl Acld Phosphate Path Containing Suspended Antimony Trioxide

Two gm of reagent grade Sby0g5 was added to a 250 ml E+Hs POy bath and
dispersed Ly stirring. After seVeral hours a suspension of fine particles
was obtained. Titanium strips were ancdized in this bath shortly after
the addition and again when the suspension had been obtained, The resul-
tant films appeared ldentical to those prepared in plain E+![pPO), baths.

L. Ethyl Acid Phosphate Bath Containing Barium in Solution

Twenty gm of reagent grade Ba (OU)p o OHp0 in 100 ml water was dis-
solved using the minimum quantity of concentrated H3?2?. Additional
HyPO), was added (a few ml) to PH 0,8, Sixty five ml E+l,PO), was added
and The solution diluted to 257 ml,

The anodized TL films prepared in this bath exhibited a breakdown potential
of 115 volts. Below this potential only, thin, translucent, goldw-purple
film were formed, en a Ti strip anode was employed, which had been pree
anodized in a plain E+HpPQ) bath, no current passed below 11° volta, At
higher applied potentials the surface of the film was pitted by snrarks,

Filma for evaluation vere prepared at 11) volts. Some were then over-
coated with films prepared in a plain E+H2P0h bath,

5. Electrophoretic Depositions

Reagent grade Ca0 slurried in Isopropanol gave an electrophoretic dee
posit on Ti strips, pre-etched in HNO3 - HF, when the strips were made 260
to L20 volts negstive, The same cell geometry as used for tue anodizations
was employed., Ho attempt was made at this time to classify the particle
size, The deposits were thick and non-uniform, and coverage was not complete.
The deposits adhered to the strips on heating to 300°C and rapid cooling.

The Ca0 deposit dissolved rapidly in the strongly acld E+lzP0) bath even
after heat treating, Anodized {ilms on the previously Cad=coated strips
exhibited darker and lighter areas, The latter were caused by particles
(presumably Ca0) imbedded in the film,

A suspension of BaTiO4 particles in pyridine produced very thick (the order
of mils) electrophore%ic deposits on Ti strips held 250 volts negative,
Excellent coverage was obtained in 25 seconds, The DaTi0, deposit did not
appear to dissolve in the E+HpPO)| bath, but a good deal o? it was dislodged
on anodization, Films, anodized over the PaTiO, deposit, contained parti-
cles of imbedded BaTiOB.

6., Additions to Films by Dipping

Strips of Ti having freshly dried anodized f1lms were dipped into a
solution of barium acetate and dried, The procedure was repeated until
the weight gain of the strip indicated that sufficient barium values had
been added to very roughly approximate the rumber of mols of Ti present
in the £ilm. The weight gain was not adequate until a thick deposit was
layed down on the gsurface of the film,

wlie



7. Firing of Anodized Films

Anodized strips of Ti were heated to 1100°C for 30 minutes in a grea=
phite lined induction furnace in an atmosphere of argon. The exposed T4
metal was severely corroded and the films were destroyed. At higher teme
peratures the elfects were accelerated,

The anodized strips were routinely fired in air for one hour at 802°C and
cooled rapidly. No cracking or peeling of the films was observed, The

films formed under the conditions listed in Table No. 1 turned dark gray

on firing. The very thick films, prepared at high voltage and high current,
remained white., No defects -~ holes or cracks, could be observed in the

dark, fired films at 90X magnification. Except for the color change, all
tie 800°C fired [ilms appesred identical to unfired films, :

Firing of HNO3 - HF etched Ti at 300°C produced & dark blue film (as
opposed to thé normal gray film obtained cn untreated Ti). The blue Ti
could then be anodized to produce a normal {ilm in the same manner as
unetched Ti,

C., Evaluation of Anodized Ti Films by Capacity and Loss Measurements

1, Procedure

Counter electrodes were applied to the anodized Ti strips prepared as
described in Section III B. For the most part, silver paint counter
electrodes were employed. One or more areas on each film were painted
with Wornow Process Co,, silver ink no, 10=15-U to give electrode arcas
of 043 to D48 cm?, The paimted strips were then Laked at 1109C to cure
the paint, Aqueou2 electrodes were obtained by defining an area with
electrical tape and adding a drop of concentrated LiCl soln., The mercury
electrodes were contained in a ground-end glass tube pressed firmly against
tlie film surface, Chromium metzl counter electrodes were prepared by
vacuum deposition, The unanodized section of the Ti strip served as the
other electrode,

Canacity and loss values were obtained for the areas of the anodized [ilms
under the counter electrodes by mcasurement on a Ceneral Radio, Model
1/50=A, capacity bricge at 1200 cycles/sec with signal strengths of the
order of 10 millivolts, The loss is given by the "DV value, When D is
less than unity in the following tables, the series squivalent circuit

is implied; and when greater than unity, the parallel equivalent clrecuit,

2. Results with Silver Paint Ccunter Electrodes

Tgble No, 3 lists the results of measurements mace on films with various
concentrations of Sbp03 slurry ir the E+H,P)) ancdizing bath, Among the
parameters that were varied, Sb,0, concentration, anodizing voltage, current
density, and silver paint baking éime, only the baking time appears o
seriocusly affect the capacitance and loss values obtained, For films fired
at 830°C the presence of 5b203 1in the anodizing bath does not appear to have
enhenced the capacity. The C and D values obtained may be considered’ as ty=-
pical values for one component [ilms [ired at 500°C,

-7-



Table No.

Capacity and Loss Values Measured With Silver
Paint Electrcdes on Ti Strips Anodized in an
E+H,P0) Bath and Fired at 800°C

Strip 5by0 Ag Paint Maxcinmm Current Capacity Loss
No, Slur;y Baking Time Voltage Densitg (nF/em®) {D)
Conc,  (hours) (ma/cm€)
TA None 1 220 29 L.9 0.03%
7C Thin 1 220 29 L2 1,028
TF Thin 220 29 L.9 0.0L3
TH Heavy 220 29 hel 0.0L3
7 Heavy 2290 29 3.9 0,04k
77A None 17 220 29 5.8 04245
7C Thin 17 220 29 L.9 0,248
%
TF Thin 250 220 29 742 0,029
7 Heavy 250 220 29 6.8 0,040
7J Heavy 250 220 29 6.7 0,232
11D  Heavy 15 200 1L 5¢5 0,250
11C Heavy 15 250 17 Le3 0,055
114 Heavy 15 280 17 L.3 9,050
11B Heavy 15 330 19 5.0 0,050

Very limited measurements on nonefired, untreated E+lpP0) bath films, using
silver paint counter electrodes, indicate that a slightly lower capacity is
obtained than for the 800°C fired films,

Fiims anodized over T1 sirips containing electrophoretic Ca0 deposits gave
the same range of values as those listed in Table No. 3.

Table No. L

Capacity and Loss Values Measured with Silver Paint Tlectrodes
(Baked 60 Hours) on Ti Strips, Parts of which were Covered
With Electroporetically Deposited BaTiO4, Anodired at 250 Volts
in the E+l;PO) Bath, and Fifed at 300°C

Strip Measured Over Current Capacity Loss ‘
No. BaTi03 Precoat Density (¥ /em?) (%)
Area {ma/cm®)
26ha No 18 . 6.7 0.033
26Ab No 18 6.0 0,035
26Ac Yes 18 763 2.030
2644 Yes 13 6.8 0,031



Tavle lice, 6

Average Canacity and Loss Values Measured Witn
Vacaum Deposited Chromium and Hercury Electrodes
on TL Strips Anxdized at 1L ma/em? to 215 Volts in an E+iipPO) Dath

Strip Electrode Fired to Average Average
No, Type 800°C Capacity loss
— (nRfemt) ().
3303 . Cr No 17 O.?h}
33430 Cr Yes 170 2450
33Fu0 Hg . No 2.l 0,325
33840 g Yes 1.k 0,750

D. Discuaginn of Results

The caprcity values meas:red on the 5009 ==- fired Tilms prepared in
the E+ilpPO), bath on Ti Strips are essentially the same as those renorted
in the literaturelO7 for non-fired films .sing silver paint counter elece
trodes (remorted values of 5.5 to 7.5 mF/cm® at D = 0,01 to 0,726). ‘The
AD% velues Srom this work tend to be slightly ulgher, but this is to Le
expccted on the basis of a higher pornsity. The films por:s were not
"ealed” in the bath by anodizing for extended verlods at the reduced
current, In addition, the firing hzg probably camsed the forsation of
additlonal microcracks and holes,

Tne recults ol these exploratory ancdizations with Sbpdy particles in the
bath or ancdizations over electrophorctically deposited Cad or NaTid
narticles are, of course, indetersinant, The size of the unclassifiéd
narticles wes probably much too large and the {iring temperatl re of 327°%C
much too low to e7fect an interaction (high dielectric ceragics are
usually prepared at 1327 to WII°C). It is encouraging to hote thot the
presence of particles does not alffect the [ilm formation, The ability to
grow thick films quickly at high current densities might e especially
useful for the incurporation of particles within the [ilm,

The presence of large amounts of diss-lved barium in the E+ilpPJ) bath
appears detrimental to the preparation of useful films under oraipery
conditions of film formation. This problem might be overcrme Ly the
use of high current densities if the sparking can be limited to & small
areas

Tae £11ms dried st 1209C do not eppesr sulficiently porous to allow the

incorporation of significant quantities of liquid by diopinz. increased
amounts might be added by dipping under vacuum, especislly if the tilms

were rendered more porous Uy [iring or Ligh current preparation,

Niw



Table No., L {contirmed)

26Ba No 3 5.7 0.033
268d Yes 3 57 7.033
25Be Yes 3 6,0 0,732

Wnen the thin, colored films prepared from the E+H2FOB containing barium
phosphate in 3olution were fired at 3309C and supplied with silver raint
counterelectrodes, slightly higher capacities and much higher D values
were obtained than for simple E+!pPJ), bath films, When these thin Tilma
were overcoated with films from tue E+HpPOp bath, typical, E+HpPQ) bath
C and D values were obtalned,

3. Results with Alternate Counter Tlectroces

Table No, 5

Capacity and Loss Values Measured with Aqueous 111
Electrodes on Ti Strips Anodized at 16 nﬁy&nna in an E+HpT0) Bath _

Strip Maximum Fired at Capacity Loss
Yo, Voltage 800°C (nF /em?) ()
29Ba 220 No 33 0.12
29Bb 220 No 39 0,71
29Da 220 No 33 0036
29Db 220 Yo 35 R S0
29Aa 190% Yes 1900 0.6
Z94b 150% Yes 5000 1.0
29Ca 195 Yes 1200 0.5
29Cb 195 Yes 1400 0.8

¥ Film rept at veitege for 16 mirutes after current T

dropped to a low value.

The C and D values measured with the aqueous LiCl counter electrode bath
incrense with time, The values listed in Table Uo. S are Jor 13 to 15
minutes after application of the liquid.



Firing for one hour to 3079C does not anpear to be detrimental to the
gross mechanical strength or adhesion to the substrate of the anodized
Pi f1lms., Lapreved firing procedures will tave to be developed to
achieve long heats at significantly higher teuperaturcs,

The very high caprcities observed for J0Q9C fired Iilms with agueous or
vacuum deposited Cr counter electrodes nay be due to the creation of a
seniconducting, berier type dielectric”™ 7 or gimply due to the formaticn
of deep pores or cracks in the films., In the latter case the liquid -r
metal atoms may have penetrated deeply into the film to give an exiremely
snall effective thickness, With tle usec of nonepenetrating silver naint
or mercury counter electroades, the high capacity is not obscrved,

The relatively noneporcus, ncnefired films evhibit better than a two-fold
increase in cezpacity {(at the same loss value) when measured with the

vacuum deposited Cr counter electrodes ag compared to tie baked silver

paint electrodes, This imgrovement is probably cue to a better conformation
of the vacuum deposited layer with the rough surface of the ancdized Zilm
thereby giving an incrcased effective area of contact per apparent unit

area of film,

IV Plans for Fature Work

Stiort firing periods at high temperatures will be tried on anodized Ti
strips by direct inductive coupling t~ the Ti substrate, Any higher teme
peratures achieved should tend to increase the interaction of the materials
present in the mixed component [ilms,

High current density anodizations on Ti will be carried ost to determine
whether more rarticles or ions can be trapped in the more quickly formed,
thicker films, This can beddone in conjunction with the use of subenicron
size partleles that more closely approach the thickness of the film ;fro-
duced, '

The inclusion in the film of particles which are high dielectrics in them-
selves {such as BaTidq) appesrs promising. Such composite films could yield
a high average dielectric valuc without the necessity of iring at elevated
temperatures,

Particles can be first layed down on a Ti metal substrate., The depnait
could then be filled and covered with Ti metal Ly vacium deposition or
electrodeless depnsition from a fused salt, Anndization of the resiltant
compugite could lead to a better chance of entrapment of particles within
the [ilm and better protection of soluble. particles from dissslation by
the anodizlng bath,

Filling & more porous film with liquid under vacuwn can be attempted,
Several applications of the liquid with drying or liring stens in between
could concelvably »ut a significant amount of additive into the film,

The 2-°dition of significant amounts of a low-level doping type additive
could probably be achdeved in cne step, possibly even wlthout the vacuum,



The experiments outlined above are an outgrowth of the exploratory work
performed on Ti substrates, Whole new areas of the project remain to be
exnlored, principally the use of alternate substrate (Ib, 7r, Ta) and
alloy substrates.
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